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Abstract
 .Saccharomyces cere˝isiae cells stored oxovanadium IV ions in a dimeric form. In the late stationary phase
 .Saccharomyces cere˝isiae cells grown in rich medium containing concentrations of oxovanadium V , orthovanadate from
 .12 to 18 mM, causing growth stasis, a dimeric oxovanadium IV species was identified by EPR spectroscopy. The EPR
spectrum exhibited at 110 K the low-field forbidden D M s"2 transition at g around 4 and the half-field D M s"1s s
 .15-lines feature at g around 2 out of the presence of a triplet state by the coupling of the oxovanadium IV ions in a
y4 y1
˚dimeric form. Hyperfine splitting of 75.2=10 cm and an interionic distance of about 4.4 A was calculated. The
dimeric species was localized in the cellular cytoplasmic space. q 1997 Elsevier Science B.V.
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1. Introduction
A considerable amount of research today reflects a
growing interest in the importance of vanadium in
w xbiology 1,2 . It exhibits a wide range of stable
 .  .  .oxidation states V III , V IV , V V , all found in
living systems and most of its biochemistry deals
with the redox as well as the coordination properties.
 .Oxovanadium V is known to be toxic to yeast cells;
it has been reported that it is taken up by cells and
 .reduced to oxovanadium IV by cellular components
and that vanadate resistance in yeast is likely to arise
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from the alteration of a cellular mechanism which
w xaccumulates a toxic molecule 3 .
Since the majority of vanadium in biological sys-
tems exists probably as paramagnetic oxovanadium
 . 2qIV VO ions complexed in some form, in vivo
 .electron paramagnetic resonance EPR spectroscopy
is a central tool for investigations into biological
vanadium.
Pursuing our interest in the study of the interaction
w xbetween yeasts and heavy metal ions 4–7 , in the
present study we report an EPR study of vanadium
intracellular species involved in the uptake mecha-
nisms when cells were inoculated in rich medium
 .. containing concentrations of oxovanadium V from
.12 to 18 mM that totally inhibited cell growth
causing cellular stasis. Our results provide the first
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 .evidence of an oxovanadium IV dimer internalized
in yeast cells.
2. Materials and methods
Saccharomyces cere˝isiae, strain S288c, was
grown in YEPD medium 1% yeast extract, 2%
.peptone, 2% glucose, pH 5–6 as described before
w x7 .
Appropriate volumes of the sodium orthovanadate
 .Sigma filtered-sterilized stock solution were added
at the start of each experiment to obtain the desired
 .concentrations from 12 to 18 mM of monovana-
dium units in the growth medium. Cell growth was
monitored by carrying out a cell count using a
haemocytometer slide under a light microscope.
Pelleted cells, cell walls, cell extracts and super-
natants were examined by EPR spectroscopy after the
uptake experiment with vanadate in YEPD medium.
The methods to obtain cell walls and cell extracts
from stationary cells were derived from the literature
w x8 .
The yeast cell samples were examined immedi-
ately after centrifugation at 3000 rpm for 10 min,
removal of the supernatant and washing. The follow-
ing washing procedure was used: after centrifugation
and removal of the supernatant, the cells were resus-
pended in water volume ratio wet cellsrH O wash-2
.ing 1 mlr15 ml by using a vortex mixer for 5 min.
Cells then, were reseparated by centrifugation and
again washed with the same procedure and volume
ratio for 4 times in all.
This washing procedure was used for all the sam-
ples both control cells and those treated with differ-
ent VO3y concentration in all phases of growth4
.analysed .
Moreover, the cells in the late stationary phase of
growth were analysed by EPR also after separation
and washing with EDTA. In this case the following
procedure was used: the cells were separated from
3y  .the medium VO 18 mM –YEPD by centrifuga-4
tion. After removal of the supernatant the cells were
 . resuspended in water twice 1 ml wet cellsr15 ml
.H O by vortex mixing. Then, after removal of the2
supernatant, they were resuspended in EDTA 1–10
.  .  .mM twice volume ratio cellsrEDTA 1r1 or 1r5
 .  .and then with water twice volume ratio 1r15 ml .
The X-band EPR spectra were recorded in capil-
lary tubes at room temperature; in 3 mm i.d. quartz
tubes at 110 K after addition of a few drops of
.ethylene glycol in order to obtain a better glass , by
using a Bruker 220 D SRC spectrometer. The mi-
crowave frequency was calibrated against a powder
 .DPPH sample gs2.0036 . The spectrometer set-
tings were microwave power, 10–20 mW; gain, 8=
10y4–4=10y5 and modulation amplitude, 4–5 G.
Presumed errors in the reported g values were less
than 0.01, while in A values they were about 2=
10y4 cmy1.
Total vanadium was determined, on supernatants
 .and on cells washed with distilled water =4 , 10
 .  .mM EDTA =3 and then distilled water =3 after
being digested with concentrated nitric acid, by
Perkin–Elmer 400 Plasma Emission spectrometer.
The percentage of the total external vanadium taken
up was about 8% at 72 h.
Paramagnetic vanadyl content in the supernatants
was determined by EPR spectroscopy using the ana-
lytical method based on the linear relationship be-
tween the peak-to-peak signal intensity of the y1r2
first derivative curve and the concentration of
 .2qVO H O species as reported by Chasteen et al.2 5
w x9 .
3. Results and discussion
 3y  ..When orthovanadate VO species, V V was4
added to growing S. cere˝isiae cells, growth was
completely inhibited above 10 mM concentration, but
resumed in about 24 h for 12 mM, 40 h for 14 mM,
72 h for 16 mM and 90–96 h for 18 mM concentra-
tion. EPR spectra obtained on whole cells and super-
natants showed signals due to paramagnetic vanadyl
 2q  ..VO species, V IV , demonstrating that the pres-
ence of orthovanadate in the medium results in the
 .  .reduction of V V to V IV by the cells, in the
formation of cell-associated vanadyl species and in
the efflux of vanadyl from the cells. No EPR signals
were observed in cells alone and only weak signals in
YEPD–vanadate medium.
When cells resumed growth, the concentration of
the vanadyl species-EPR detectable in the super-
natants progressively increased, reaching a maximum
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 .  . 3y  .Fig. 1. a X-band room temperature and b X-band frozen EPR spectrum for exponential cells grown on YEPD–VO 12 mM .4
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value at the end of the logarithmic phase of growth.
This demonstrates that the detoxification mechanism
 .  .is related to the reduction of V V to V IV and to
the vanadyl efflux from the cells. As monitored by
 .the EPR peak to peak M sy1r2 height, the V IVI
 .2qconcentration as VO H O in the medium reached2 5
an approximate value of 3–6 mM on 1–3=108
cellsrml at 72–170 h.
The EPR spectra obtained on the logarithmic Fig.
.1a and b and early stationary whole cells as well as
 .on the supernatants Fig. 2 showed the presence of
 .  2qmagnetically diluted oxovanadium IV VO
.species , whereas the EPR spectra obtained on the
 .late stationary 20–30 h whole cells as well as on
their extract showed the presence of VO2q–VO2q
 .interacting nuclei Figs. 3 and 4 . The control cells at
the same phase of growth, submitted to the same
washing procedure, as well as the separated cell walls
and cellular debris, gave no EPR signals at room or at
low temperature.
The EPR room and low-temperature spectra of
logarithmic and early stationary cells harvested from
3y  .YEPD–VO 12–18 mM were very similar to that4
w xreported by us 7 for cells harvested from YEPD–
3y  .VO 5–10 mM ; they indicated the presence of4
VO2q slow tumbling cell-associated species and a
w x2y possible VOO chromophore g s1.97; A s4 iso iso
94 = 10y4 cmy1; g s 1.937; A s 172 = 10y45 5
y1 y4 y1.cm ; A s65=10 cm .H
The EPR room temperature spectrum of both the
late stationary whole cells and their extract exhibited
an eight-line EPR spectrum g s1.95, A s94.6iso iso
y4 y1 .=10 cm , spectrum not reported . The frozen
 .110 K spectrum obtained on the late stationary
whole cells is shown in Fig. 3 in the range 500–4000
G and in Fig. 4 widened around 3300 G in the range
2000–5000 G. This spectrum is typical of a triplet
state indicating the presence of two interacting VO2q
nuclei with spin 1r2 giving a singlet Ss0 and a
triplet Ss1 state. Their separation depends on the
isotropic exchange interaction yJS S ,while the sep-1 2
aration of the lines within the triplet state depends on
the magnetic dipole–dipole interaction and on the
w xanisotropic exchange terms 10 . Usually, the domi-
nant contribution to zero field splitting within the
triplet state arises from dipole–dipole interactions.
The eight-line pattern is now decomposed into two
sets of fifteen lines corresponding to a total spin of 7
 2q .Is7r2 for VO ion from the electron exchange
between two 51V nuclei.
The multiline features of the spectrum with a
broad underlying envelope around 3300 G, even if it
contains signals of the monomeric species intense
.lines around 3250 G , is due to D M s"1 transi-s
tions from the dimeric species. The parallel and
perpendicular parts overlap extensively because of
the similarity of g and g . The sets of lines in the5 H
perpendicular region are separated by the zero field-
splitting parameter D, while the parallel sets are
separated by 2 D. The appearance of a low-field line
 .  .Hf1600 G at gf4 visible in Fig. 3 attributable
to the forbidden D M s"2 transition is diagnostics
for the presence of dimeric species confirming the
assignment of the approximately gf2 lines. At least
seven lines separated by about 75=10y4 cmy1 were
clearly visible in the gf4 part of the spectrum and
additional incompletely resolved features were also
apparent. Even if the spectrum is complicated be-
cause of the overlap of different components, by the
Fig. 2. X-band room temperature EPR spectrum of supernatant of
3y  .stationary cells on YEPD–VO 18 mM .4
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analysis of the features of the resonances of the dimer
the parameters g s1.965, g s1.983, A s75.2=5 H 5
10y4 cmy1, Ds0.029 cmy1 could be calculated.
The hyperfine splitting value is about half of that
expected for the vanadyl monomer compounds. The
values obtained are comparable with those reported
for some axially symmetric dimers obtained with
w xtartrates or porphyrins ligands 11,12 .
According to previous data, the interionic V–V
distance in vanadyl dimers, could be calculated for an
 2 .1r3axial dimer using the formula Rs 0.65g rD .
The interionic distance was estimated to be around
˚4.4 A which is close to that found by X-ray structure
 .determination for oxovanadium IV dimeric com-
plexes with tartaric acid analogues as well as por-
phyrins.
In conclusion, even if the biological significance
and the possible functions of the internal dimeric
vanadyl species remains to be established, it is impor-
tant to point out that in S. cere˝isiae grown on
Fig. 3. X-band EPR spectrum of the late stationary whole cells in frozen glass at 110 K. Expansion of the ‘gs4’ features is showed; the
receiver gain for this trace was 5 times greater than that used for the main trace.
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Fig. 4. ‘D M s"1’ X-band EPR spectrum in frozen glass at 110 K of the late stationary whole cells.s
medium containing concentrations of oxovanadium
 .  .V causing growth stasis, oxovanadium IV ions are
stored in a dimeric form in the cellular cytoplasmic
space.
 .Although oxovanadium III dimers have been
found in Ascidia ceratodes which accumulate vana-
w xdium 13 , as far as we are aware our study provides
 .the first evidence of an oxovanadium IV dimer
internalized in yeast cells.
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